The implementation of recent ICRP recommendations regarding the reduction of personnel radiation doses has necessitated some drastic changes in the philosophy and method of operation for several commercial cyclotron facilities. In previous years it was not uncommon for some operations personnel to receive 20-50 mSv/year due to the high radiation fields and operating schedule of some of these cyclotron facilities. The new limit commonly being adopted is 20 mSv/year and this has resulted in many of these facilities switching to more stringent operating routines e.g., scheduled preventative programs schedules, longer cooldown periods for repairs, more conservative beam current levels, and significant upgrades to cyclotron and targetry components. At the Nordion/TRIUMF facilities in Vancouver, Canada the recent upgrade of cyclotrons resulting in significantly higher operating beam currents has made the personnel radiation dose issue even more prominent. By a prudent choice of improved shielding schemes, carefully planned preventative maintenance, improvements to the cyclotron and the targetry hardware these problems have been managed such that individual personnel radiation doses below 10 mSv/year are achieved without compromising production.
INTRODUCTION
Commercial isotope production facilities which operate cyclotrons have traditionally suffered from high maintenance requirements and consequently have resulted in high personnel radiation doses.
Technological developments have progressively improved the reliability and capacity of these facilities. However, increasing production (i.e. higher beam currents) demands placed on these facilities along with more stringent safety (cooldown) requirements means that improved production efficiency is a necessity.
In order to guarantee such operating conditions while also keeping personnel radiation doses low several improvements are being adopted in our facility to reduce residual radiation fields, improve the reliability of targetry and cyclotron components, and also improve the efficiency of repairs and maintenance.
The radiation dose policy of TRIUMF (1) allows Atomic Radiation Workers to accumulate up to 10 mSv per year (whole body dose). This limit is rarely a problem for researchers and operation staff on the main cyclotron. However, the compact commercial cyclotrons generally produce much more intense sustained beams on production targets which correspondingly require a higher level of repairs and maintenance. Residual radiation fields and the closer proximity of workers to high radiation areas also contributes to higher radiation doses for the Applied Technology Group responsible for the operation of these facilities. It is not unusual, then, for several group members to accumulate close to the 10 mSv limit with the group average being around 7 mSv per year (corresponding to a dose rate of approx. 40 µSv/mAh).
Other commercial facilities around the world suffer similar difficulties. It is not unusual for some staff to accumulate close to 50 mSv/y on occasion and some facilities work on an average of 20-30 mSv/y/person on a routine basis. With new ICRP recommendations (2) being adopted by more and more countries it is clear that drastic changes in the mode of operation of these facilities is necessary if they are to comply with the new limit of 20 mSv/y. Because of the even more stringent self-imposed limits at TRIUMF that have been in place since the beginning, we do not have this new obstacle to overcome. Nevertheless, with recent upgrades to the cyclotrons (3) that have resulted in significant increases in beam intensities it is a challenge to keep personnel doses low without compromising production. The following will describe some steps and improvements we have taken in order to achieve this goal.
TECHNOLOGICAL IMPROVEMENTS

Radiation Shielding Issues
The TR30 cyclotron (4) was commissioned in 1990 to run 350 µA at 30 MeV split between two targets. Since that time the beam current was gradually increased to around 2 x 300 µA on a routine basis. The shielding for the target rooms (see Fig. 1 ) is typically 2.5m thick boronloaded low-sodium concrete. Access doors are semicircular and are used for accessing two different rooms depending on the position they are rotated to. It was the intention that maintenance could proceed in one irradiation area while running beam into any of the other rooms. In practice, these doors have limitations that have required some attention, particularly since the recent TR30 upgrade (3) to 1 mA. Solutions to these and associated problems have been achieved as follows :
• Radiation (neutron and gamma) leakage around and through these doors became more of a problem for contamination control after the cyclotron upgrade. Contamination monitoring when leaving the vicinity of these areas (e.g., after a maintenance) is performed manually with a LUDLUM 177 monitor. A 50 count/min (cpm) increase is a common criteria used to determine the presence of significant contamination. In order to be sensitive to this magnitude of change the nominal background should be 200 cpm or less. There were scenarios (e.g., when performing maintenance in one area while running beam into another) where the residual fields were significantly in excess of 200 cpm at the contamination control barriers. In order to reduce the background it was necessary to improve the shielding integrity of these doors. This was performed by adding 2.5 cm of soft steel and 2.5 cm of polyethylene on the inside flat surface of the doors. The leakage above, below and around the doors were reduced by the addition of lead and polyethylene pieces inserted into every possible gap. In addition, at the foot of the doors, thick polyethylene blocks were inserted on the inside and outside of the doors.
• In addition to the irradiation rooms, the adjacent Nordion waste storage room contains an inventory of radioactive waste that contributed up to 200 cpm at the contamination barriers of the TR30 Service Area. This was addressed by lining the inside connecting wall of the waste room with a sheet of 1.25 cm thick lead.
• The contamination control barriers and monitoring points have been reconfigured in the TR30 Service area such that they are now further away from the rotating doors (the location of the largest contributor to the radiation background).
In addition to beam and radioactive waste related fields there was one other very significant contributor to the background radiation in the service areas (of both the TR30 and CP42 cyclotrons): Isotope production targetry employs water cooling. When beam strikes the production target, high fluxes of energetic neutrons are produced that can subsequently result in the production of radioactive 16 N via 16 O(n,p) 16 N in the cooling water. For reasons of serviceability of components, this cooling water emerges from the irradiation rooms into a water distribution panel in the adjacent service area. Since the half-life of 16 N is 7 seconds significant fields were found in the vicinity of the water manifolds. The corresponding contribution to the backgrounds (up to 7 MeV gamma) at the contamination monitors was large (several hundred cpm). This was reduced to tolerable levels (few tens of cpm) by the insertion of delay loops in the return water lines within the irradiation rooms. By providing the equivalent of 3.8 half-lives of extra delay in the path of the returning cooling water more than an order-in-magnitude reduction in the residual fields were achieved at the distribution manifolds in the service areas.
The residual sodium content of the concrete in the CP42 irradiation room walls coupled with the high thermal neutron fluxes within these rooms during beam production results in significant 24 Na production. In fact, as shown in Fig. 2 , this isotope is the dominant contributor to the general radiation field within this area for the first day or so. As a result of this, cooldown periods of 2 days are usually required before entering the target irradiation room to perform maintenance or repairs. In contrast, the TR30 areas were built with low-sodium concrete containing a small amount of boron carbide. As a result, the TR30 irradiation room walls contribute no significant radiation dose to personnel and cooldown periods are determined by the residual activation of the targetry rather than the whole environment.
Cyclotron and Targetry Issues
Maintenance and repairs of cyclotron components can contribute to a significant portion of the personnel radiation dose and downtime of the system. In the case of the TR30 very little routine maintenance or repairs are required. However, the older generation CP42 cyclotron (5) requires a more aggressive maintenance schedule and is prone to unexpected failures more frequently. Furthermore, since the design and materials used in the construction of this older cyclotron inherently tend to result in higher levels of induced radioactivity than the TR30, servicing this cyclotron can be dose intensive and therefore longer cooldown periods are required. We have strived to reduce these problems as follows :
• Attention to detail in regards to the choices of materials used. Particularly is this true in the central region and the acceleration plane in the cyclotron. Aluminum and graphite components are used whenever possible, rather than steel or copper.
• Longer-lasting materials for consumable items (stripping foils, ion source components, etc.) have resulted in extended periods between scheduled maintenances. Plastic components were removed whenever possible as these suffer significant radiation damage.
• As much as possible, all ancillary equipment such as cooling systems, control hardware, etc., were moved out of the radiation room into the adjacent service area. This reduced the failure rate for many of these items from radiation damage. It also allowed for immediate and dose-free repair when necessary.
Targetry systems suffered from many of the above problems but to a much greater degree since they serve as the primary beam dumps. In particular, recent upgrades to the high current solid target systems (6) include the following :
• Elastomer O-rings require frequent replacement and are very dose-intensive jobs. We have replaced all critical seals with metallic counterparts. Pneumatic cylinders, used in the remote manipulation of targets suffer radiation damage due to their close proximity to the targets during irradiation. Custom made cylinders have been made that employ metal and graphite seals.
• The solid targets are transferred pneumatically between the hot cells and the target stations. The breaking system employs an inflated rubber ring to slow down and stop the shuttles by friction. These have a limited lifetime and also cause occasional transfer difficulties when shuttles get caught up on broken pieces. We are in the process of replacing these with a "dynamic" breaking system that employs the trapped air within the transfer tube to gently land the target shuttles at the stations. In addition to the advantage of the soft landing, this system will not need any routine maintenance.
• The orientation of the shuttles upon landing is presently done mechanically. A magnetic orientation system has been tested and will be installed on the target stations. This will avoid the need to routinely maintain and repair the present mechanical system which is dose intensive.
• The method of containing the targets within the shuttles is presently based on friction. Occasionally, targets do come out of the shuttles during the transfer process and get stuck in the transfer tube. The new method of containment will be a "positive locking" mechanism using metal springs that are released at the target station by the automatic target manipulation system.
PROCEDURAL IMPROVEMENTS
The goals of lowering personnel radiation dose and reducing downtime go hand-in-hand. Some procedural philosophies and changes we have adopted to achieve these goals are :
• The merits of a systematic preventative maintenance schedule have been clearly proven (7) . A preventative maintenance schedule enables planed careful routine maintenance to be performed with adequate cooldown.
• By keeping a complete and adequate supply of spare components and assemblies on hand it allows for adequate cooldown of radioactive items before repairs and refurbishments are undertaken.
• A well defined cooldown period for each type of work and each irradiation area serves to allow work to be done carefully without accumulating excessive radiation dose.
• By having redundancy in the number of beamlines and target stations we can switch over and run on back-up systems when the nominal operating target fails unexpectedly. This allows production to continue and provides opportunity for adequate cooldown for the target systems that require repair. Alternatively, the recent TR30 upgrade allows us to run considerably higher beam currents so another alternative we have is to switch from moderate current dual beam operation to high current single beam.
• Some jobs can be performed with reduced radiation dose if components are removed from the irradiation area and then worked on outside from behind suitable shields. Alternatively, local movable shields can be used within the irradiation rooms with similar results. Experience has shown us which method is most suitable for each circumstance.
• Mock-up and practice sessions for high dose work helps to ensure that tasks are performed quickly and accurately.
• Ongoing safety training and refresher courses assure that all employees work towards ALARA principles.
• A pool of non-experts can be used for less technical high-dose work under the supervision of operators.
CONCLUSION
TRIUMF's radiation dose policy and ALARA are being adhered to within the commercial isotope facility operated at TRIUMF for Nordion Int. Inc. Despite dramatic increases in production over the past few years, the radiation dose to personnel has decreased significantly. This has been achieved by a combination of technical changes and improvements to the system which results in less downtime and also by adopting regulated procedures that ensure minimal radiation dose for any work that is undertaken within radioactive areas.
